Africa and South America is effectively entrained by the anticyclones followed by northward transport to the ESIO.
Introduction
Ozone (O 3 ) in the tropical upper troposphere is an effective greenhouse gas (Lacis et al., 1990) . Ozone is also an important tropospheric oxidant and modulates the oxidizing power of the troposphere through photolysis in the presence of water vapor that generates hydroxyl radical (OH), the main atmospheric oxidant (Levy, 1971; Logan et al., 1981) . Production of tropical tropospheric O 3 is driven by nitrogen oxides (NO x = NO + NO 2 ) emitted from primarily lightning (e.g., Sauvage et al., 2007; Ziemke et al., 2009 ) and biomass burning (e.g., Fishman et al., 1990; Jacob et al., 1996; Thompson et al., 2001; Logan et al., 2008) . Large-scale dynamics is another prominent factor in controlling tropical tropospheric O 3 distributions (e.g., Zhang et al., 2011; Oman et al., 2011, and references therein) .
The present study is motivated by an observed tropospheric O 3 maximum in May over the southern tropical Indian Ocean from observations by the Microwave Limb Sounder (MLS), the Tropospheric Emission Spectrometer Komala et al., 1996; Ziemke et al., 2009) . We investigate here the origin of this O 3 maximum and its interannual variability by interpreting the satellite observations using a global three-dimensional (3-D) chemical transport model (CTM) . We intend to delineate the relative influence of biomass burning, lightning, and dynamics in controlling the O 3 maximum. Much of our analysis focuses on the Equatorial Southern Indian Ocean (10 • S-equator (EQ) latitudes, 60 • E-125 • E longitudes), referred to hereafter as ESIO (the shaded rectangle in Fig. 1 ).
We give a brief description of the observations in Sect. 2. Section 3 describes the GEOS-Chem model and simulations. Seasonal variations of tropospheric O 3 in 2006 over the ESIO are discussed in Sect. 4. The lightning impact on tropospheric O 3 over the region is examined in Sect. 5. Section 6 investigates the interannual variability of the tropospheric O 3 enhancements over the ESIO. The results and discussion are summarized in Sect. 7.
Observations

MLS O 3
The Microwave Limb Sounder (MLS) aboard the EOS Aura spacecraft (Schoeberl et al., 2006) has been measuring atmospheric parameters since August 2004. MLS uses microwave limb sounding to measure temperature and chemical constituents, including CO, O 3 , water vapor, and cloud ice water content in the upper troposphere and lower stratosphere. MLS measurements in the upper troposphere are generally not degraded by the presence of clouds and aerosols because the typical cloud and aerosol particle sizes are generally much smaller than the measurement wavelengths. MLS measures ∼3500 vertical profiles per day along a sun-synchronous polar orbit, with an equatorcrossing time of ∼13:45 local time. The data are produced TES O 3 averaging kernel averages over (10°S-EQ, 60°E-125°E), May 2006 on pressure surfaces from 316 to 0.1 hPa. MLS data has a vertical resolution of ∼3-4 km and horizontal resolutions of ∼7 km across-track and ∼200-300 km along-track . We use here O 3 from MLS Version 3.3 (v3.3) Level 2 data . Livesey et al. (2008) reported the validation of an earlier version of MLS O 3 (v2.2). The estimated accuracies of MLS v2.2 O 3 are ∼20 ppbv (+20 %) at 215 hPa and 40 ppbv (+5 %) at 147 hPa. The systematic errors of MLS v3.3 O 3 are consistent with those of v2.2 . Our analysis focuses on the observations at 147 and 215 hPa in the upper troposphere. For the present study, the Level 2 MLS data are averaged onto 2 • latitude × 5 • longitude grids for every five days as well as monthly from 2005 to 2009. The precision of the O 3 retrieval in the Level 2 data is 5-100 % from 261 to 150 hPa for single measurement . The averaged precisions are up to ∼8 % for the 5-day averages and ∼4 % for the monthly averages over the ESIO.
TES O 3
The Tropospheric Emission Spectrometer (TES) is an infrared, high-resolution, Fourier Transform spectrometer covering the spectral range between 3.3 and 15.4 µm (Beer et al., 2001; Beer, 2006) . It was launched on board Aura (Schoeberl et al., 2006) in July 2004 in a sun-synchronous polar orbit. TES provides global vertically resolved measurements of tropospheric O 3 , CO and other atmospheric constituents. TES retrievals have been previously described by Bowman et al. (2006) and Kulawik et al. (2006) . For the O 3 retrieval, the prior information is derived from a global model simulation using the Model for OZone And Related chemical Tracers (MOZART, v2) (Horowitz et al., 2003; Brasseur et al., 1998) . We use data from TES global surveys, with 16 orbits per global survey, over a time period of 26 h . The nadir O 3 vertical profiles are spaced ∼182 km apart along the orbit track and have a footprint of 5 km by 8 km (Beer et al., 2001) . Under clear sky the vertical resolution of TES O 3 profile retrievals is typically 6 km in the tropics (Jourdain et al., 2007) . The TES averaging kernel shows the pressure levels where the retrieval is sensitive to and loosely indicates the vertical resolution of the retrieved profile Worden et al., 2007) . Typical TES averaging kernels for O 3 are shown in , Osterman et al. (2008) and Shim et al. (2009) .
As an illustration, Fig. 2 shows a TES averaging kernel for profiles averaged in May 2006 over the ESIO. The averaged degree of freedom for signal (DOFs) is 1.5 in the troposphere between 1000-100 hPa, suggesting that there are more than one pieces of information in the retrieval and that the profile can be interpreted as distinguishing the upper troposphere versus the middle and lower troposphere. TES Level 3 gridded data are the species profile interpolated (daily) or averaged (monthly) into uniform longitudelatitude grid from Level 2 data. The precision of a TES O 3 profile is 5 %-10 % in the troposphere. The monthly averaged a few hundreds of O 3 profiles would reduce the precision to less than 1 % over the ESIO, much smaller than the variability in O 3 field in the region. Here we use Version 3 (v3) Level 3 O 3 data , including mixing ratio, TCO, and total column O 3 data from 2005 to 2009, monthly averaged at 2 • (latitude) × 4 • (longitude) grids. The TES column values (e.g., TCO) were computed by integrating the retrieved profile up to the tropopause pressure as provided in the GEOS-4 meteorological fields (Bloom et al., 2005; Osterman et al., 2008 ) (see Sect. 3 for more details on the GEOS-4 data). Validation of TES tropospheric O 3 retrievals against ozonesonde and lidar measurements shows a positive bias of ∼3-10 ppbv (Nassar et al., 2008) . The bias of TES TCOs is known to be high by ∼4 DU in comparison with ozonesonde data .
OMI and AIRS total column O 3
The Ozone Monitoring Instrument (OMI) aboard Aura is a nadir-viewing, wide-swath hyper-spectral imaging spectrometer that provides daily global coverage with high spatial and spectral resolutions (Levelt et al., 2006b) . It detects backscattered solar radiance in the ultraviolet-visible wavelengths (0.27 to 0.5 µm) to measure column O 3 and other trace constituents and aerosols (Levelt et al., 2006a) . OMI data has a spatial resolution of 13 × 24 km 2 at nadir.. Here we use the Level 3 Version 003 (V003) of daily OMI-TOMS (OMTO3) total column O 3 binned onto a 1 • (latitude) × 1 • (longitude) grid from 2005 to 2009, which are derived from the TOMS (version 8) algorithm. The accuracy and precision of the OMTO3 total column O 3 data is similar to the legacy Total Ozone Mapping Spectrometer (TOMS) data started in 1978, except over cloudy areas where OMTO3 data are more accurate than that of the TOMS (see http://toms.gsfc. nasa.gov/omi/OMTO3 README v8 5.pdf). Based on experience with TOMS, the total O 3 data provided in OMTO3 should have a root-mean squared error of 1-2 %, depending on solar zenith angle, aerosol amount, and cloud cover. Validation of the OMI total column O 3 against ground-based observations by Brewer/Dobson spectrophotometer instruments shows generally a better than 1 % agreement (Balis et al., 2007; McPeters et al., 2008) .
The Atmospheric Infrared Sounder (AIRS) (Aumann et al., 2003 ) is a high spectral resolution infrared sounder flown aboard the Aqua spacecraft (Parkinson, 2003) and has been operational since September 2002. Aqua is in a sun-synchronous polar orbit, with an equatorial crossing of ∼13:30 local time, covering the earth twice a day. Validation of AIRS total column O 3 against ground-based Brewer/Dobson measurements shows a bias of less than 4 % and a root-mean-square error of approximately 8 % (Divakarla et al., 2008) . We use AIRS Version 5 (V5) Level 3 monthly total column O 3 binned onto a 1 • (latitude) × 1 • (longitude) grid from 2005 to 2009.
GEOS-Chem model description and simulations
GEOS-Chem is a global 3-D CTM driven by assimilated meteorological observations from the Goddard Earth Observing System (GEOS) of the NASA Global Modeling and Assimilation Office (GMAO) (Bey et al., 2001 ). We use GEOSChem version 8-01-04 (http://acmg.seas.harvard.edu/geos/) driven by GEOS-4 and GEOS-5 meteorological fields with 6-h temporal resolution (3-h for surface variables and mixing depths), 2 • (latitude) × 2.5 • (longitude) horizontal resolution, and 30 (GEOS-4) or 47 (GEOS-5) vertical layers between the surface and 0.01 hPa. The GEOS-Chem model includes a detailed description of tropospheric O 3 -NO xhydrocarbon chemistry coupled with aerosol chemistry (Bey et al., 2001) . Gas phase chemical reaction rates and photolysis cross sections are taken from Sander et al. (2000) . Photolysis frequencies are computed using the Fast-J algorithm . The cross-tropopause O 3 flux is specified with the "synthetic ozone" (Synoz) method (McLinden et al., 2000) as implemented by Bey et al. (2001) . Synoz includes a passive, ozone-like tracer released into the stratosphere at a rate that results in a prescribed cross-tropopause O 3 flux (McLinden et al., 2000) , thereby ensuring that downward ozone flux from the stratosphere is not overestimated. The cross-tropopause NO y flux is calculated from N 2 O oxidation in the model stratosphere (Bey et al., 2001) . The global net cross-tropopause fluxes of O 3 and NO y are 495 Tg O 3 /yr and 0.5 Tg N/yr, respectively in the model (Hudman et al., 2007) . The GEOS-Chem model also includes a linearized ozone ("Linoz") parameterization scheme based on the work by McLinden et al. (2000) to represent the ozone in the stratosphere, in which the ozone vertical profiles across the tropopause are relaxed back toward climatological profiles.
The Synoz scheme may not correctly capture the variability in the magnitude of the local stratospheric ozone fluxes, but, as Liu et al. (2009) pointed out, that the mean differences in ozone abundances in the tropical middle troposphere simulated with the two schemes are within 3 %.
Tracer advection is computed every 15 min with a fluxform semi-Lagrangian method (Lin and Rood, 1996) . Tracer moist convection is computed using the GEOS convective, entrainment, and detrainment mass fluxes as described by Allen et al. (1996a, b) . The deep convection scheme of GEOS-4 is based on Zhang and McFarlane (1995) , and the shallow convection treatment follows Hack (1994) . GEOS-5 convection is parameterized using the relaxed ArakawaSchubert scheme (Moorthi and Suarez, 1992) .
Emissions of lightning NO x in GEOS-Chem are computed locally in deep convection events following the scheme of Price and Rind (1992) that relates flash rates to convective cloud top heights. The NO x emissions are vertically distributed following the profile from Pickering et al. (1998) where 55-75 % of the emissions are above 8 km. Implementation of the lightning source in GEOS-Chem is as described by Wang et al. (1998) with some recent updates (Hudman et al., 2007; Sauvage et al., 2007; Nassar et al., 2009; Jourdain et al., 2010; Murray et al., 2012) . The model also includes two alternative lightning schemes that link flash rates to either convective precipitation or upward convective mass flux, following Allen and Pickering (2002) . The lightning modules as implemented in GEOS-Chem based on the aforementioned three schemes are hereafter referred to as CTH, PREC, and MFLUX, respectively. To improve the spatial distribution of lightning in the model, the spatial distribution of lightning is scaled to reproduce seasonal mean lightning flash rates to match the climatological satellite observations of lightning flashes from the Optical Transient Detector and Lightning Imaging Sensor (OTD/LIS) High Resolution Monthly Climatology (HRMC) v2.2 product (Christian et al., 2003) . Globally the lightning NO x source is scaled to 6 Tg N yr −1 Hudman et al., 2007; .
Lightning flash rates in global atmospheric models are usually parameterized from functions of proxies of deep convection, enabling the linking of lightning NO x emissions with the concurrent convective transport of surface precursors. We test here those based on convective cloud top heights (CTH) (Price and Rind, 1992 , 1994 , upward convective mass flux (MFLUX) (Allen et al., 2000) , and total convective precipitation (PREC) (Allen and Pickering, 2002 ) using 6-h mean archived meteorology from the Goddard Earth Observing System Data Assimilation System (GEOS DAS) version 5.1.0. Once the flash rate is determined for a grid box, a NO x per flash yield is applied, and the NO x emissions are vertically distributed throughout the column following the probability distribution functions of Pickering et al. (1998) . The CTH parameterization was originally implemented by Wang et al. (1998) and MFLUX and PREC by Murray et al. (2012) . Each parameterization shows little skill in matching the spatial and seasonal distribution of flash rates observed in the long-term mean Lightning Imaging Sensor and Optical Transient Detector (LIS/OTD) High Resolution Monthly Climatology (HRMC) v2.2 satellite product, and therefore techniques have been variously implemented to constrain the flash rates derived from the GEOS met fields (e.g., Sauvage et al., 2007; Jourdain et al., 2010; Allen et al., 2010; Murray et al., 2012) . We also use here an optional "local redistribution" as implemented by Murray et al. (2012) . It applies a local seasonal rescaling factor based on spacebased observations of lightning flash counts from the multiyear seasonally varying climatological lightning flashes from HRMC product to constrain GEOS-Chem lightning flashes Murray et al., 2012) . Due to the lack of GEOS-5 meteorological fields during the observation period of the HRMC product (May 1995 through December 2005), we determine the constraint using the long-term monthly mean from all available months of GEOS v5.1.0 meteorology (January 2004 through August 2008).
Biomass burning emissions are long known to be a key factor influencing tropical tropospheric O 3 (Fishman et al., 1990; Jacob et al., 1996; Thompson et al., 1996) . Biomass burning emissions in the present study are from GFED v2 that resolves the interannual variability of biomass burning emissions Randerson et al., 2006) . GFED v2 is derived using satellite observations including active fire counts and burned areas in conjunction with the Carnegie-Ames-Stanford-Approach (CASA) biogeochemical model. Carbon emissions are calculated as the product of burned area, fuel load and combustion completeness. Burned area is derived using the active fire and 500-m burned area datasets from the Moderate Resolution Imaging Spectroradiometer (MODIS) as described by . The original GFED v2 inventory has a spatial resolution of 1 • (latitude) × 1 • (longitude) and a monthly temporal resolution. The emissions are re-sampled to 2 • (latitude) × 2.5 • (longitude) grids for use in our GEOS-Chem simulations. Forest fires typically last from several days to weeks as seen in MODIS active fires (Giglio et al., 2003) . Therefore, we re-sampled GFED v2 monthly emissions to an 8-day time step according to MODIS 8-day active fire counts . The GFED v2 8-day emissions are used for the model simulations presented here unless stated otherwise.
The fossil fuel emissions are from the Emission Database for Global Atmospheric Research (EDGAR) inventory for NO x , CO, and SO 2 (Olivier et al., 2001) and from the Global Emission Inventory Activity (GEIA) for other chemical compounds (Benkovitz et al., 1996) Model of Emissions of Gases and Aerosols from Nature (MEGAN) inventory (Guenther et al., 2006) . We conducted model simulations from 2005 to 2009 driven by either GEOS-4 or GEOS-5 meteorological data. We calculated the TCO by integrating the simulated O 3 vertical profiles up to the tropopause as provided in the GEOS meteorological fields. The tropopause in GEOS is defined as the pressure where the function aT (p) − log 10 p (α = 0.03, T is temperature and p is pressure) reaches its first minimum above the surface, and it varies at each dynamic time step of the model (Rienecker, 2008) . The tropopause pressures in GEOS-4 and GEOS-5 are approximately the same to each other in tropics . In the comparisons between observations and model results, we applied the same spatial and temporal averaging. Our analysis focuses on the results for 2006. For the comparisons of model results based on different meteorological fields and lighting parameterizations, the details for these simulations are summarized in Table 1 . Justifications for these simulations are provided in Sect. 5. This maximum is the focus of the present study. There is a secondary peak during late June and early July with maximum concentrations confined to the region between 10 • S and 20 • S latitudes. Similar yet considerably enhancements are also evident at 147 hPa during May and June and larger than those at 215 hPa. The O 3 enhancements during October and November, seen at both 215 and 147 hPa, are largely because of the extensive fires 
TES middle and upper tropospheric O 3
TES tropospheric O 3 also shows a distinct maximum in May 2006 over the ESIO, and the enhancement extends throughout the middle and upper troposphere with peak values above 50 ppbv (Fig. 5) . The pronounced and broad O 3 enhancements in the middle and upper troposphere during September through December are largely because of the 2006 Indonesian fires in Equatorial Asia (Logan et al., 2008; Nassar et al., 2009; Zhang et al., 2011) . 5 Lightning impact on tropospheric O 3 over the ESIO
Sensitivity to lightning parameterization
GEOS-Chem simulations of tropospheric O 3 have significant dependence on the differences of the lightning parameterizations and the meteorological data used. To examine this sensitivity, we conducted six sensitivity simulations (summarized in Table 1 ), driven by GEOS-4 or GEOS-5 meteorological data, using the different lightning parameterizations (see Sect. 3). Model TCO averaged over the ESIO are compared against TES data and shown in Fig. 7 . For direct comparison to the observations, we calculated monthly mean TCO averages over EISO from model results and TES observations. In general, when comparing TES profiles with other measurements, it is essential to take into account the different sensitivities of the instruments by applying TES averaging kernels Worden et al., 2007) . However, comparing columns rather than individual profiles significantly reduces the error due to averaging over pressure ranges larger than the TES vertical resolution, 1.5 % for O 3 columns averages as compared to 16.5 % for the average profile error between the surface and 35 km altitude . As such, we did not convolve TES averaging kernels with GEOS-Chem simulated O 3 profiles when calculating model TCOs.
Model simulations A1-A4 were driven by GEOS-4 meteorological data. A1 and A2 used the same CTH lightning parameterization, but A2 used the local redistribution of lightning flash rates based on LIS/OTD observations (Sect. 3) while A1 did not. A3 and A4 used the MFLUX and the PREC lightning parameterizations, respectively, and neither included the local redistribution factors. Given the way lightning is linked to deep convection in the model, the different deep convection parameterizations used in GEOS-4 and GEOS-5 will also lead to differences in the lightning NO x emissions in the model. To examine this sensitivity, we conducted two additional simulations driven by GEOS-5 meteorological data, B1 and B2. Other than the GEOS-5 meteorological data used, B1 and B2 mirror A1 and A2, respectively. Figure 7 shows that B1, driven by GEOS-5 data and with the CTH lightning parameterization, best captures the seasonal variation of TES TCO, including the enhancement in May 2006. Model results are consistently lower than the observations by up to 4 DU for all months. That is not a systematic bias necessarily because TES TCOs are known to be biased high by ∼4 DU in comparison with ozonesonde data . A1, driven by GEOS-4 data and with the CTH lightning parameterization, significantly underestimates the TCO throughout the year. A3 and A4, driven by GEOS-4 data and with the MFLUX and the PREC lightning parameterizations, show no apparent relative enhancements of TCO in May 2006. Neither reproduces the observed TCO seasonal variation. A2 and B2, using a local redistribution factor of lightning flash rates based on LIS/OTD data, show no obvious improvements to A1 and B1. In fact, both A2 and B2 show substantially lower TCOs in comparison with not only A1 and B1, respectively, but also TES observations. Therefore, we choose B1 set up as our standard simulation: GEOS-Chem simulation driven by GEOS-5 meteorological data using the CTH lightning parameterization without local redistribution factor for flash rates. And all the following analyses are based on the B1 set up. Figure 8 shows the simulated tropospheric O 3 in May 2006 over the ESIO by using the above set up. Model reproduces the two enhancements (May and October) extend throughout the middle and upper troposphere as the TES observation, though it underestimates the maximum O 3 concentration in the middle troposphere with peak values above 40 ppbv (Fig. 8) . The horizontal distributions of tropospheric O 3 and TCO are compared between GEOS-Chem and satellite observations (figures are not shown here). The values of TES and GEOS-Chem TCO is about 15∼25 DU in April 2006 over the equatorial areas from 60 • E to the eastern Pacific Ocean. The TCO suddenly increases near1y 10 DU in May over the EISO, while decreases from June. GEOS-Chem underestimates about 4∼5 DU in May compared to TES observation over the Indonesian regions and equatorial areas of Asia. The simulated upper tropospheric O 3 is lower than that of the MLS in May 2006 over the EISO and surrounding areas.
Regional lightning NO x emissions in the tropics
To examine the relative contributions from lightning, we focus our analysis on the following geographical regions ( Figure 9 shows the seasonal variations of monthly lightning NO x emissions from the aforementioned five regions. Again, these results are from the standard simulation driven by GEOS-5 meteorological data and with the CTH lightning parameterization (simulation B1). The seasonal variations of lightning NO x vary considerably among the regions. Lightning NO x emissions from South Asia show a broad maximum during June-August, the intense phase of the Asian monsoon with abundant convective activities. Central African lightning NO x emissions are largest first in May and then in September-October. Lightning NO x emissions from South America show peaks during March through April and then October through December. Equatorial Asia lightning NO x emissions show little seasonal variation and are at least a factor of two smaller than those from South Asia, Central Africa and South America. Lightning NO x emissions from the tropical Indian Ocean are smallest among the five regions but peak in May. In May, the largest lightning NO x emissions are from Central Africa and South America.
Lightning contribution to tropospheric O 3 over the ESIO
We conducted several sensitivity simulations for 2006 to quantify the relative contributions to the tropical tropospheric O 3 over the ESIO from NO x emissions from lightning, biomass burning, soil, stratospheric downward flux, anthropogenic activities and biogenic sources by shutting off these sources individually. The difference between these sensitivity simulations and the standard simulation are thus the contributions from the corresponding sources except the stratospheric downward flux. Here the contribution of the stratospheric downward flux is quantified by the tagged O 3 simulation. For tagged O 3 analysis, the Synoz scheme can ensure that the source of O 3 from the stratosphere would not be overestimated (Liu et al., 2009 , since assimilated meteoro- logical fields produce excessive stratosphere-to troposphere exchange (Weaver et al., 1993; Tan et al., 2004) . Therefore, the cross-tropopause flux of O 3 can be matched to observations, which can correctly reproduce the annual global source of stratospheric O 3 (McLinden et al., 2000; Liu et al., 2009 ). Again, all simulations are driven by GEOS-5 meteorological data and with the CTH lightning parameterization. The resulting contributions, calculated as monthly TCOs averaged over the ESIO, are shown in Fig. 10 .
Lightning contribution is ∼10 DU on average for much of the year and peaks in May, accounting for more than 60 % of the total TCO with 17 DU, and are directly responsible for the O 3 enhancement in May. Biomass burning has a rather small contribution during January to July. The significant biomass burning impact during September to November is associated with the 2006 fires in Equatorial Asia (Logan et al., 2008; Nassar et al., 2009; Zhang et al., 2011) . Lightning also makes a significant contribution to the September-November enhancement, as seen in Fig. 10 and was discussed in more detail by . Without any relative enhancement in May, however, stratospheric downward flux merely provides a background to TCO throughout the year. The contributions from soil and anthropogenic activities are negligibly small (less than 2.5 DU) throughout the year, and none of which peaks in May. Though the contribution from biogenic emission has a peak in May, the contribution is considerably smaller, too. Several sensitivity simulations were conducted by turning off the lightning NO x emission from different sources regions (Fig. 1) to quantify their relative contributions. The difference between these sensitivity simulations and the standard simulation are thus the lightning NO x contributions from the corresponding sources regions. The relative contributions to the TCO over the ESIO from lightning NO x emissions from the five regions (Fig. 1) are shown in Fig. 11 and summarized in Table 2 . Lightning NO x emissions from Equatorial Asia contribute ∼4 to 5 DU to TCO from April to December 2006, with relative enhancements in May (29.2 % of the total lightning TCO, i.e., TCO resulting from lightning NO x emissions) and October-November. Interestingly and somewhat surprisingly, the contributions to TCO from Central African and South American lightning NO x emissions both show sharp peaks in May, ∼3.5 DU (20.8 % of the total lightning TCO) for Central Africa and 3.0 DU (17.9 % of the total lightning TCO) for South America. We will discuss the lightning outflow from these two regions and its transport to the ESIO in subsequent sections. Figure 11 shows that lightning NO x emissions from South Asia make relatively small contributions to the TCO enhancement in May (less than 1 DU or 4.8 %) and through much of the year, with a slight uptick during the summer months (∼1 to 2 DU). The contribution from lightning NO x emissions from the tropical Indian Ocean is negligibly small (less than 0.5 DU or 2.4 %) all year long. Together, lightning NO x emissions from the aforementioned five regions lead to 75.1 % of the total lightning TCO in May 2006 over the ESIO. Lightning NO x emissions from the rest of the world contribute 5.4 % (0.9 DU). This contribution is comparable to that from South Asia lightning NO x emissions in May and much smaller than those from the Equatorial Asia, Central Africa and South America. Without any relative enhancement in May, however, it decreases from April and merely provides a low background. The lightning NO x emissions from the rest of the world contribute less than the remaining to the five sub-domains reflects not only the nonlinearity of O 3 production but also the transport impacts. In effect, lightning NO x emissions from Equatorial Asia, Central Africa and South America and subsequent O 3 production determine the O 3 maximum in May 2006. Overall, lightning TCO accounts for 61.8 % of the total TCO over the ESIO in May 2006, of which 18.0 %, 12.9 %, and 11.0 % are because of the lightning NO x emissions from Equatorial Asia, Central Africa and South America, respectively ( Fig. 11 and Table 2 ). Figure 12 shows the modeled vertical and longitudinal distributions of monthly average O 3 over 10 • S-equator, resulting from the contributions of lightning NO x emissions from Equatorial Asia, Central Africa and South America in May 2006. The O 3 mixing ratios are averaged over the latitudinal range of EISO (10 • S-equator). The two dashed lines indicate the longitudinal range of the ESIO. There is widespread Equatorial Asian lightning O 3 in the middle and upper troposphere over a broad swath between 60 • E and 60 • W longitudes, with peak O 3 mixing ratios (∼18 ppbv) at 150 to 300 hPa over the eastern ESIO (Fig. 12, top panel) . These peak O 3 mixing ratios from Equatorial Asian lightning O 3 contribute directly to the O 3 enhancements in the upper tropopause in May (see Figs. 3, 4, 5 and 6) . A tongue of Equatorial Asian lightning O 3 extends down to the lower troposphere over the eastern ESIO because of intense deep convective activities in that region. Lightning O 3 from Central Africa makes a significant contribution to O 3 (6 to 12 ppbv) in the middle and upper troposphere over much of the ESIO, with peak values (12 ppbv) at 200 to 500 hPa over the western ESIO (Fig. 12, middle panel) . The contribution from South American lightning O 3 (4 to 8 ppbv) is primarily in the middle to upper troposphere over the western ESIO (Fig. 12 , bottom panel). (Fig. 13) . Relative en- hancements of TCO are seen in May 2006 May , 2007 May , 2008 May and 2009 (no TES data for April through June 2005) in both TES observations and model results (Fig. 13a) . (Fig. 13b) . The lightning play an important role in contributing to the upper tropospheric O 3 enhancements in May, especially the lightning NO x emissions from Equatorial Asia (see Fig. 12 ).
Model results are generally lower by 20 ppbv than the observations, but MLS O 3 at 215 hPa is known to have a positive bias of ∼20 ppbv (Livesey et al., 2008 Figure 14 compares GEOS-Chem simulated TCO with TCO from TES and total column O 3 from AIRS, OMI and TES. Model results from two simulations driven by GEOS-4 (2005 GEOS-4 ( to 2006 and by GEOS-5 (2005 GEOS-5 ( to 2009 meteorological data are shown. There are considerable differences among the total column O 3 from the three satellite data sets. The interannual variability of OMI total column O 3 correlates very well with that of TES, but much lower than TES. This has also been pointed out by previous study that TES is higher Table 2 . GEOS-Chem simulated total and lightning tropospheric column O 3 over the Equatorial Southern Indian Ocean (see Fig. 1 than OMI by 10 DU for the total column O 3 . Most of the temporal variations of AIRS total column O 3 also follow those of TES and OMI. Other than the (Logan et al., 2008; Nassar et al., 2009; Zhang et al., 2011) . Model simulations driven by GEOS-5 reanalysis reproduce the observed enhancements and the interannual variability.
Interannual variability of lightning O 3
We conducted model sensitivity simulations driven by Figure 18 shows the 500 hPa wind fields and the wind anomalies based on 40 years ) of climatology from the National Center for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis (Kalnay et al., 1996) . In May 2006 and 2008 , the anti-cyclone circulation and strong northward flows are shown in the wind fields over Southern Indian Ocean, which are less evident in the other years (Fig. 18, left panel) . From the anomaly analysis of wind fields, anomalous anti-cyclones and southerly winds are evident in May 2006 and 2008, but not in the other three years (Fig. 18, right panel) . 10S   60E  120E  180  120W  60W  180  0   60E  120E  180  120W  60W  180  0  60E  120E  180  120W  60W  180  0   60E  120E  180  120W  60W  180  0  60E  120E  180  120W  60W 
Summary and conclusions
We analyzed 5-year (2005-2009) tropospheric O 3 observations over the Equatorial Southern Indian Ocean (ESIO) from satellite instruments MLS, TES, OMI, and AIRS, using the GEOS-Chem global three-dimensional chemical transport model. Model simulated upper tropospheric O 3 and tropospheric column O 3 (TCO) were compared against the observations. The effects of NO x sources from lightning, biomass burning, soil, stratospheric downward transport, anthropogenic and biogenic emissions on the tropospheric O 3 over the ESIO, including the seasonal and interannual variability, were examined. In addition, we investigated the effects of dynamics on the interannual variability of tropospheric O 3 over the ESIO. The satellite observations of tropospheric O 3 showed significant enhancements over the ESIO in May. The enhancements were evident not only in MLS upper tropospheric O 3 , TES middle and upper tropospheric O 3 and TCO, but also in TES, OMI, and AIRS total column O 3 . The enhancements were strongest in 2006 and 2008 and less pronounced in 2005, 2007 and 2009 . GEOS-Chem simulations driven by GEOS-5 reanalysis data, with lightning flash rates parameterized based upon convective cloud top heights, were able to capture the May O 3 enhancements and the associated interannual variability.
We found that lightning contribution accounted for more than 60 % (17 DU) of the total TCO in May 2006, and The anomalous anti-cyclonic circulation extended to the middle troposphere. The largescale subsidence associated with the anti-cyclones served as a conduit that channeled downward the middle and upper tropospheric lightning outflow from Central Africa and South America. As such, lightning O 3 outflows from Central Africa and South America were effectively entrained by the anti-cyclones, followed by northward transport to the ESIO. Therefore, the interannual variability of the tropospheric O 3 enhancements over the ESIO was largely driven by these anomalous anti-cyclones over the Southern Indian Ocean.
